In this work, high performance inverted indium tin oxide (ITO)-free semitransparent polymer solar cells (PSCs) are comprehensively investigated using a novel polymer/metal hybrid transparent electrode. The electrical and optical characteristics of hybrid electrodes are significantly enhanced by introducing UV/ozone plasma treatment on the polymer poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluore helps to increase the ITO-free device short-circuit current density. Furthermore, the interface property between PFN and ultrathin Ag is analyzed in detail and the optical field distribution is calculated for comparison. A high power conversion efficiency of 5.02%, which is increased by 35% compared with that of ITO-based device, is achieved in the ITO-free semitransparent device in conjunction with an excellent average visible transmittance above 28% that is higher than the benchmark of 25% for power-generating window, indicating its great potential in building integrated photovoltaic systems in the future. Furthermore, the strategy is successfully developed to other polymer systems, suggesting the universal applicability for plastic electronics.
ABSTRACT:
In this work, high performance inverted indium tin oxide (ITO)-free semitransparent polymer solar cells (PSCs) are comprehensively investigated using a novel polymer/metal hybrid transparent electrode. The electrical and optical characteristics of hybrid electrodes are significantly enhanced by introducing UV/ozone plasma treatment on the polymer poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluore ne)] (PFN), which is functioned as both a seed layer for ultrathin Ag metal electrode and an optical spacer for transparent devices. The optimized sheet resistance of PFN/Ag (12 nm) hybrid electrode is only half of the commercial ITO (9.4 Ohm sq −1 vs. 20 .0 Ohm sq −1 ) and the high wavelength-dependent reflectance of hybrid electrode helps to increase the ITO-free device short-circuit current density. Furthermore, the interface property between PFN and ultrathin Ag is analyzed in detail and the optical field distribution is calculated for comparison. A high power conversion efficiency of 5.02%, which is increased by 35% compared with that of ITO-based device, is achieved in the ITO-free semitransparent device in conjunction with an excellent average visible transmittance above 28% that is higher than the benchmark of 25% for power-generating window, indicating its great potential in building integrated photovoltaic systems in the future. Furthermore, the strategy is successfully developed to other polymer systems, suggesting the universal applicability for plastic electronics.
INTRODUCTION
Roll-to-roll compatible polymer solar cells (PSCs) are considered as potential candidates for the next generation of clean electricity because they possess unique advantages, such as solution processing, high throughput, mechanical flexibility, light weight and low cost, etc. 1−4 The sensitivity to low light intensity and orientation of the sunlight as well as less light pollution make PSCs well-suited for building integrated photovoltaic (BIPV) systems. 5 It is well known that the thickness of bulk heterojunction (BHJ) active layer in PSCs is typically in the range of 100 nm, which permits nearly half of the sunlight to pass through. Therefore, it is favorable to employ semitransparent BHJ in power-generating windows for modulating light transmittance and generating electricity simultaneously. 6, 7 Generally the performance of indium tin oxide (ITO)-based semitransparent PSCs is mainly limited by incomplete photon absorption due to the weak microcavity effect, 8 i.e. ITO allows the unabsorbed photons easily escaping from the device. 9−16 Moreover, rising indium price, poor flexibility and high temperature processing make exploring alternative electrodes to ITO urgent. 17−22 So far, several alternative electrodes have been developed, such as carbon-based electrodes (carbon nanotubes and graphene) and metallic nanostructure electrodes (nanowires, metal grids and meshes). 23−25 Carbon-based electrodes have superior mechanical flexibility, but show high sheet resistance (carbon nanotubes: 100−1000 Ohm sq −1 and graphene:
100−10000 Ohm sq −1 ) and complex preparation process. 26−28 Metallic nanowires or grids have high transmittance (>80%) with a low sheet resistance (Rsheet) (10−100
Ohm sq −1 ), but the inhomogeneous connection, poor thermal stability and rough surface easily cause electrical shorts in device. 29−32 In addition, ultrathin metal films have been reported as better candidates due to their easier processing and higher conductivity than above electrodes. 33 However, the tradeoff between optical transparency and electrical conductivity is critical for the usage of ultrathin metal electrodes. Moreover, metallic nanoclusters or rough metal surface of ultrathin metals can result in strong light scattering and intense surface plasmonic absorption due to excitation of the localized plasmon resonance, which significantly reduces the film transmittance and hinders their applications in solar cells. 34 Thus, employing a seed layer such as Ca, Au, and Al was introduced under the ultrathin metal electrode for achieving highly conductive and island-free transparent electrode. 22 
RESULT AND DISCUSSION

Optical and electrical properties of PFN/Ag electrode
Considering the maximum transmittance of whole devices, it is necessary to take into account not only the electrode transmittance, but also the whole device transmittance involving the strong optical interference. Figure As shown in Figure 2a and Figure S2 Thereby it is concluded that UV/ozone plasma-treated PFN allows the ultrathin Ag to own a reduced resistance and an elevated optical transmittance simultaneously. With UV/ozone plasma treatment, the spectrum intensity of C 1s is decreased but broadened to the high energy side, known as the attribution of hydroxyl, carbonyl, and carboxyl group formation. 46, 52 The O 1s spectrum intensity is increased and the ratio of C=O/C−O bonds is also enhanced with UV/ozone plasma treatment due to the generation of oxygen free radicals. It can be predicted that more oxygen polar groups (C=O and C−O) would be produced on the PFN surface if UV/ozone plasma power is increased. In particular, since the polarity of C=O bond is stronger than that of C−O bond, the surface wettability of PFN layer is significantly changed from hydrophobic to hydrophilic after UV/ozone plasma treatment, which is consistent with the findings of the water contact angles of PFN layers with increasing the power of UV/ozone plasma treatment ( Figure S3 ). Figure S4 and Table S1 ). For exploring the superiority of the PFN/Ag hybrid electrode, the control device with the opaque Ag was also investigated. As depicted in Figure S7, To determine whether the PFN/Ag electrode can provide the uniform and pinhole-free photocurrent distribution over the device surface, the high resolution laser beam induced current (LBIC) images of three types of semitransparent PSCs are recorded. 54−56 As shown in Figure 6 , the microscopic photocurrent images are well in accordance with the macroscopic JSC values. Compared to S1 and S2, S3 exhibits the highest photocurrent intensity due to the finest ultrathin Ag conducting network as discussed in Rsheet and morphology analysis. Thus it can be concluded that UV/ozone plasma-treated PFN/Ag electrode is a very promising alternative to ITO for semitransparent solar cells. Figure 6 . LBIC images of S1, S2, and S3 (Ag=12 nm) (image dimensions: 6 mm × 6 mm).
Optical field modulation ability of PFN/Ag electrodes in semitransparent PSCs
To further illustrate the optical field modulation ability of PFN/Ag electrodes, the photon absorption rate profiles (300-800 nm) of the semitransparent PSCs based on ITO or PFN/Ag (12 nm) electrodes are calculated and compared. As shown in Figure   7a ,b, the photon absorption rate profile of PFN/Ag-based semitransparent PSCs with the biggest value located at the middle of the active layer is entirely different from that of ITO-based semitransparent PSCs at the PEDOT:PSS/active layer interface, which endows PFN/Ag-based PSCs with more carriers generation due to the decrease of exciton quenching by electrodes. 57 The integrated photon flux density in PFN/Ag-based semitransparent PSCs with a favorable photon distribution profile is 8.03×10 20 m -2 s -1 , increased by 27.3% compared to the weaker microcavity ITO-based semitransparent PSCs (6.31×10 20 m -2 s -1 ). It can be seen that the experimental JSC of S3 is increased by 35 .6% compared to the ITO-based device (Table 1) , which is bigger than 27.3% from the integrated photon flux density. The reason should be attributed to the fine photon distribution in PFN/Ag-based devices, leading to the fact that the increase of JSC is larger than that expected from the integrated photon flux
density. In order to analyze the absorption distribution of photons at different wavelengths within the device, the corresponding exciton generation rate (G(λ)) is investigated. Figure 7c,d show the equal-scale contour plot of G(λ) in devices on the assumption that excitons are generated over the entire layers. Compared to the ITO electrode, more excitons at different wavelengths are efficiently generated in the PFN/Ag-based device, leading to the enhancement of photocurrent. It should be pointed out that ITO decreases the optical interference in device due to its high transmittance and low reflectance. 58 The wavelength-dependent strong interference in the PFN/Ag-based device implies that the non-absorbed photons in the first path can be reflected and reabsorbed in the second and subsequent paths. Moreover, it can be seen that the power dissipation in the wavelength range from 340 to 400 nm appears for the 45-nm-thick PFN layer, which should be eliminated as far as possible by selecting the higher bandgap polymer as the optical spacer in the future. Overall, the simulation results confirm that hybrid PFN/Ag electrode has a favorable effect on regulating light field distribution to take full advantage of incident light. 
Enhanced AVT with eliminated plasmonic absorption of Ag nanoparticles
For power-generating window applications, an AVT of 25% is required so a certain photon loss is unavoidable, leading to the tradeoff between device efficiency and transparency. 59, 60 Figure 8 shows the total experimental and simulated transmittance spectra of three types of ITO-free semitransparent PSCs with the 12-nm-thick Ag.
Compared to S1, the AVT of S2 increases in the wavelength range from 380 to 780 nm (21.2% vs. 23.7%). Especially the AVT of S3 is as high as 27.8%, increased by 31.1% compared to that of S1, which exceeds the commercial benchmark of 25% for window applications. The device transmittance can also be predicted by means of optical simulations (Figure 8 ), which ignore the plasmonic absorption of photons by Ag nanoparticles. It can be seen that there exists a big difference between the experimental and simulated transmittance spectra for S1; however, the deviation between experimental and simulated transmittance spectra for S2 becomes smaller due to the effective interaction of Ag atoms and PFN molecules. Surprisingly, this offset is nearly disappeared for S3, indicating that a uniform, continuous and high-transmittance ultrathin Ag electrode is formed with a vanished plasmonic absorption of Ag nanoaggregates. The measured device transmittance spectra using 8, 10 and 14-nm-thick Ag are presented in Figure S8 . Finally, the devices were encapsulated using UV-curing adhesive and clean glass lid.
The effective active area was 4 mm 2 determined by a patterned mask.
Measurements and characterization
Transmittance and reflectance were performed with different illumination directions recorded using a Shimadzu UV-2550 UV-visible spectrophotometer. The sheet resistances were measured using a custom-built four-point probe system with a Keithley 2400 source measure unit. The film thickness was measured by a surface profiler (XP-2, Ambios). The high resolution XPS spectra were measured by a photoelectron spectrometer (AXIS ULTR DLD, Kratos, England). Contact angles using water as the testing liquid were determined on top of the solid active films by a drop shape analyzer DSA100 instrument. The film topography was investigated by Zhang Fengling: 0000-0002-1717-6307
